Introduction

34
Urbanization and continuous population growth have imposed an increasing demand on simultaneously producing valuable biogas (Sawatdeenarunat et al., 2016; Sihuang et al., 2016; 45 Tuyet et al., 2016) . Biogas is a form of renewable fuel, which can be used to generate 46 electricity and heat (Nghiem et al., 2017) . The remaining and more stable solids are rich in nutrient and organics, thus, can be used for soil amendment (Nghiem et al., 2017) .
48
Anaerobic digestion consists of four stages with hydrolysis being the first during which 49 organic materials are transformed to fatty acids and other soluble organic compounds (Habiba 50 et al., 2009 ). Since hydrolysis is the rate limiting step during anaerobic digestion, several pre-51 treatment methods, including thermal hydrolysis, biological treatment, ultrasonication, and 52 ozonation, have been suggested to increase the digestion rate or improve the inherent 53 degradability of sewage sludge (Carrère et al., 2010; Dhar et al., 2012) . Thermal hydrolysis is 54 a promising pre-treatment method to improve methane production during anaerobic 55 processing (Supplementary data Table S1 ) since complex organic molecules can be 56 transformed into short-chain fragments better suited for biological digestion (Liao et al., 57 2016; Mottet et al., 2009; Schieder et al., 2000) . The effects of thermal pre-treatment at 58 temperature of up to 180 °C and duration up to 2 hours on anaerobic digestion performance 59 have been evaluated by several recent studies (Bougrier et al., 2008; Kim et al., 2003; Pérez-60 Elvira and Fdz-Polanco, 2012; Phothilangka et al., 2008; Valo et al., 2004) . The optimal 61 temperature of thermal hydrolysis was reported to be 150-180 °C by Bougrier et al. (2008) 62 for a pre-treatment duration of 30 to 60 minutes. Thermal hydrolysis has been successfully 63 used at a full scale wastewater treatment plant (Kepp et al., 2000) . The energy balance 64 calculation showed the net electricity production due to enhanced biogas production 65 increased by over 20%, which is more than the energy input for thermal hydrolysis.
66
In addition to thermal pre-treatment, recuperative thickening has also been identified as a 67 potentially cost-effective and readily implementable method to improve anaerobic digester 68 performance without the need to increase the size of the digester (Cobbledick et al., 2016) .
69
Recuperative thickening can increase the solids retention time (SRT) independently of the 70 hydraulic retention time (HRT) by thickening a proportion of the digestate to remove water 71 and then returning the thickened sludge back to the digester (Reynolds et al., 2001; Torpey 72 and Melbinger, 1967; Yang et al., 2015) . The increase in SRT helps to improve the 73 conversion of organics to methane and increase the volatile solid (VS) reduction (Sieger et al., 74 2004; Yang et al., 2015) . Recuperative thickening has been successfully applied in a few Three lab-scale anaerobic digesters previously described by Yang et al. (2016) were used in 106 this study (Fig 1) 
Thermal pre-treatment
126
The feed sludge to digester D2 and D3 was thermally pretreated at 150 °C and 500 kPa for 30 127 minutes using a New Tek Machinery pressure vessel (Changzhou, China) with a heating 128 jacket. At the conclusion of the process, the pressure inside the vessel was released and the 129 sludge was allowed to cool to room temperature (ca. 25 °C) before feeding to the digester. Biogas production rate was monitored daily by a custom-made gas counter (Yang et al., 143 2016). The biogas composition was detected weekly by a portable gas analyser (GA5000 gas 
TrOC sample preparation and analysis
154
Primary and digested samples were collected every 7 days to prepare duplicate samples for The solid pellets were freeze-dried using an Alpha 1-2 LDplus Freeze dryer (Christ GmbH, 169 Germany). The dried samples were ground to powder and 0.5 g was transferred to a 13 mL 170 glass vial (with cap) for extraction. Methanol (10 mL) was added to the vial, mixed with the 171 powder by a vortex mixer (VM1, Ratek, Australia), and ultrasonicated for 10 minutes at 172 40 °C. The solution was then centrifuged at 3720xg for 10 minutes to obtain a supernatant.
173
The residual solid was extracted using 10 mL solvent made of dichloromethane and methanol
174
(1:1, v/v) by repeating the previous steps. The supernatants from these steps were combined 175 and diluted to 500 mL by Milli-Q water. The liquid samples were then filtered, spiked with 176 surrogate, loaded to the SPE cartridges and analysed following the same procedure for sludge 177 supernatant samples described before. (Wijekoon et al., 2015) . The total mass of each TrOC fed into the 181 system can be described as: 15% increase in biogas production in comparison to the control digester (D1) (Fig 2) . The 
217
The sludge composition varied quite significantly throughout the course of this study. Since 218 organic removal in terms of TS, VS, tCOD and sCOD was determined on a weekly basis, 219 there were some notable variations. TS and VS removals ranged from 50 to 80% and 70 to 220 90%, respectively. Due to these significant variations in TS and VS, the effects of thermal 221 pre-treatment and recuperative thickening were not observable in this study. Nevertheless, 222 some enhancement in the removal of tCOD and sCOD could be observed in Fig 3. With the 223 exception of day 49, the removal of tCOD by Digester 2 (thermal pre-treatment) and Digester 224 3 (thermal pretreament and recuperative thickening) was comparable or higher than that of 225 the control digester (Fig 3a) . 
230
The effect of pre-treatment and recuperative thickening on removal performance was most 231 notable in terms of sCOD removal. Digester D2 showed comparable sCOD removal to that 232 by the control digester (D1). On the other hand, digester D3 showed a notable increase in 233 sCOD removal (Fig 3b) . As noted above, thermal pre-treatment led to the solubilisation of 234 some tCOD into sCOD. On the other hand, due to sludge thickening, soluble organics can be 235 retained for further digestion. Thus, recuperative thickening could improve the removal of 236 sCOD.
237
Several other parameters including pH and alkalinity were also monitored. The mixed liquor 238 pH value of all three digesters was stable between 7.0 -7.5 and the alkalinity was over 2600 239 mg CaCO 3 /L (Supplementary data Fig S4) . These results confirm stable operation of all three 240 digesters in this study. 
TrOC occurrence in primary sludge
In good agreement with a previous study by Yang et al. (2017) , of the 40 TrOCs monitored in 243 this study, 16 compounds were prevalently detected in all primary sludge samples (Fig 4) .
244
The concentrations in the aqueous and solid phase were in the range from 50 to 40,000 ng/L 245 and from 20 to nearly 9,000 ng/g dry sludge, respectively. TrOCs from the solid phase and that data from previous studies considering only the aqueous 255 phase may not be valid in the context of anaerobic digestion.
S u lf a m e t h o x a z o le T r im e th o p r im P a r a c e ta m o l
Ib u p r o f e n D ic lo f e n a c C a r b a m a z e p in e G e m f ib r o z il V e r a p a m il A m it r ip ty li n e C lo z a p in e T r ic lo s a n T r ic lo c a r b a n paracetamol were almost completely removed (98 -99%) from the aqueous phase (Fig 5) .
T C E P B is p h e n o l
265
Moderate removals from the aqueous phase were observed for trimethoprim and amitriptyline, 266 especially when pre-treatment and recuperative thickening were applied together (D3).
267
However, all other TrOCs were not significantly removed from the aqueous phase as can be 268 observed with all three digesters (Fig 5) . In fact, in the case of ibuprofen, gemfibrozil, and 269 diuron, their concentrations in the aqueous phase of the digestate (after anaerobic treatment)
270
were even higher than the corresponding values of the feed primary sludge (Fig 5) . It is of all of these TrOCs from the solid phase (Fig 6) . trimethoprim and paracetamol (Fig 7) . Likewise, four TrOCs including ibuprofen,
310
carbamazepine, diuron and clozapine were not biodegraded under any experimental 311 conditions in this study (Fig 7) .
It has been established that a compound's molecular structure is a major factor governing 313 their degradability (Tadkaew et al., 2011; Wijekoon et al., 2015; Yang et al., 2016 
322
Results from this study are consistent with several previous studies. Caffeine (Narumiya et al., 
329
Of particular note, enhanced biodegradation due to either thermal pre-treatment and/or 330 recuperative thickening was observed with five TrOCs (denoted in Fig 7 with #) . The 331 biodegradation of triclosan and triclocarban were improved by approximately 10% due to 332 thermal pre-treatment (Fig 6a and b) and further improved (by about 15%) when recuperative 333 thickening was also applied (Fig 6c) . Verapamil and clozapine were approximately 20% 334 more biodedegraded when both thermal pre-treatment and recuperative thickening were 335 applied (Fig 6a and c) . However, with thermal pre-treatment and recuperative thickening, 
339
T C E P C a ff e in e S u lf a m e th o x a z o le T ri m e th o p ri m P a ra c e ta m o l Ib u p ro fe n D ic lo fe n a c C a rb a m a z e p in e G e m fi b ro z il V e ra p a m il A m it ri p ty li n e D iu ro n C lo z a p in e B is p h e n o l A T ri c lo s a n T ri c lo c a rb a n These TrOCs have at least one electron withdrawing functional group in their molecular 349 structure and are known to be persistent to biodegradation. 
Conclusions
351
The effects of thermal pretreatement and recuperative thickening on anaerobic digestion 
